Injection of neonatal bone marrow cells from mice lacking the gene encoding suppressor of cytokine signaling 1 (SOCS1) into irradiated syngeneic 129͞Sv or C57BL͞6 mice led to a decreased survival, more rapidly occurring in 129͞Sv than in C57BL͞6 mice. Moribund mice did not exhibit the acute or chronic diseases developed by Socs1 ؊/؊ mice but developed a pathology characteristic of graft-versus-host disease with typical chronic inflammatory lesions in the liver, skin, lungs, and gut. The results indicate that cells derived from the Socs1 ؊/؊ bone marrow are autoaggressive but did not identify the cell types involved. Failure of the engrafted Socs1 ؊/؊ marrow cells to reproduce the tissue damage typical of Socs1 ؊/؊ disease indicates that loss of SOCS1 from target tissues may also be required for the development of the Socs1 ؊/؊ diseases, such as fatty degeneration of the liver, polymyositis, or corneal inflammation.
T
he suppressor of cytokine signaling 1 (SOCS1) is an inducible cellular protein that is able to suppress or truncate signaling from a number of cytokine receptors, including those for IFN-␥, IL-6, leukemia inhibitory factor (LIF), oncostatin M (OSM), IL-11, IL-2, stem cell factor (SCF), granulocyte/macrophage colony-stimulating factor (GM-CSF), and prolactin (1) .
Mice with homozygous deletion of the Socs1 gene die in neonatal life with fatty degeneration and necrosis of the liver and inflammatory infiltrates of T lymphocytes, macrophages, and eosinophils in the liver, skin, lung, pancreas, and gut (2, 3) . This syndrome is wholly dependent on IFN-␥ and can be prevented either by the administration of antibodies to IFN-␥ (4) or by generating Socs1 Ϫ/Ϫ mice that also lack the gene for IFN-␥ (3, 5) . Mice that lack SOCS1 and are heterozygous for IFN-␥ die as young adults with a syndrome dominated by extensive T lymphocyte, macrophage, and eosinophil infiltration of all striated muscles, the myocardium, and the cornea (6) .
Although T and B lymphocyte numbers are subnormal in Socs1 Ϫ/Ϫ mice, the T lymphocytes, particularly CD8 cells, exhibit membrane markers of activation, and there is some evidence implicating T lymphocytes as the initiators of Socs1 Ϫ/Ϫ disease. Thus Socs1 Ϫ/Ϫ rag-2 Ϫ/Ϫ mice do not die prematurely (3) , and Socs1 Ϫ/Ϫ natural killer (NK) T cells have been reported to be more numerous than normal in the liver, and to be cytotoxic for syngeneic liver cells (7) .
Several possibilities raised by these observations are: (i) Socs1 Ϫ/Ϫ hematopoietic cells, possibly T lymphocytes, may be the primary initiators of disease development; (ii) various organs lacking SOCS1 such as the liver, muscle, heart and lung might be in an abnormally susceptible state to damage by normal-enough hematopoietic cells; or (iii) both elements may be necessary for disease development.
In an early study (3) , transplantation of Socs1 Ϫ/Ϫ marrow cells into syngeneic recipients was reported to be lethal and to have recapitulated the Socs1 Ϫ/Ϫ disease. However, no detailed data were presented to document the pathology of such mice and to establish which, if any, of the various hematological and pathological abnormalities shown by neonatal or young adult Socs1 Ϫ/Ϫ mice developed in such recipients.
The present study was undertaken to establish in detail the consequences of transplanting neonatal Socs1 Ϫ/Ϫ marrow cells to irradiated adult syngeneic recipients. The data confirmed the lethal consequences of such transplantation but revealed that the mice died with graft-versus-host disease and that neither the neonatal nor the young adult Socs1 Ϫ/Ϫ syndromes were reproduced in the irradiated recipients. mice were identified by characteristic growth retardation at 1-2 weeks of age and killed for collection of femoral bone marrow cells. Bone marrow cells were simultaneously collected from healthy littermates as controls. The genotype of all donor mice was subsequently verified by Southern blot analysis of genomic DNA extracted from tail biopsies (2) . Several hours before transplantation, recipient mice were irradiated with 11Gy of ␥-irradiation divided into two equal doses given 3 h apart from a 137 Cs source (Atomic Energy, Ottawa). Each recipient received 10 6 bone marrow cells and, typically, four to six recipients were transplanted with cells from each donor. Transplanted mice were maintained on oral antibiotic in the drinking water for 4 weeks (1.1 g͞liter neomycin sulfate; Sigma).
Materials and Methods
For 129͞Sv transplants, the degree of donor engraftment was assessed by Southern blot analysis of genomic DNA extracted from the bone marrow and spleen of recipient mice using a probe that distinguished the targeted Socs1 locus (present in Socs1 Analysis of Mice. Mice were analyzed when clinically ill. Peripheral blood white cell and platelet counts were determined manually by using hemocytometers. Single-cell suspensions from femoral bone marrow, spleen, and peritoneal cells were prepared and differential cell counts were performed on smears or cytocentrifuge preparations stained with May-GrunwaldGiemsa. Clonal cultures of hematopoietic cells were performed as described (10) . Briefly, cultures of 2.5 ϫ 10 4 bone marrow cells or 5 ϫ 10 4 spleen cells in 0.3% agar in DMEM supplemented with 20% newborn calf serum were stimulated by various cytokines and incubated for 7 days at 37°C in a fully humidified atmosphere of 10% CO 2 in air. For the cultures, the final concentrations of growth factors used in separate cultures were: 10 ng͞ml GM-CSF, 10 ng͞ml G-CSF, 10 ng͞ml M-CSF, 10 ng͞ml IL-3, or 100 ng͞ml SCF. After removal of the hematopoietic tissues, the brain, thymus, thyroid, heart, lung, salivary glands, sternum, femur, tibia, skin, liver, spleen, pancreas, kidneys, small bowel, bladder, skeletal muscle, and uterus or testes were fixed in 10% buffered formalin, the tissues blocked in paraffin, and sections stained with hematoxylin and eosin.
Flow Cytometry. Single-cell suspensions of bone marrow, lymph node, spleen, and thymus cells were prepared. Erythrocytes were lysed and the cells were stained with rat mAbs for specific cell surface markers, then analyzed by flow cytometry as described (6) .
Results
The design for the initial study involved the i.v. injection of 10 6 bone marrow cells from 2-week-old Socs1
mice that were maintained on a 129͞Sv genetic background into lethally irradiated 129͞Sv strain recipients. The genotype of donor mice was confirmed by Southern blotting and histological examination of the donor tissues. Because the embryonic stem cells used to generate the Socs1 Ϫ/Ϫ mice were derived from a different substrain to that used in the subsequent breeding of the mice, an additional control group involved the transplantation of 10 6 neonatal 129͞Sv recipient strain bone marrow cells.
As shown in In culture, marrow cells from sick recipients of Socs1 Ϫ/Ϫ bone marrow cells exhibited absolute dependency on stimulation by extrinsic growth factors and responded normally to these in terms of absolute and relative numbers of colony subtypes. The size and maturation of these colonies were also normal (data not shown). In contrast, spleen populations from recipients of Socs1 (Table 1) . Flow cytometric analysis of cell surface marker expression on cells from transplant recipients revealed a relative reduction of CD4 ϩ CD8 ϩ double-positive thymocytes with a concomitant increase in the percentage of CD4 ϩ and CD8 ϩ single-positive thymic T cells in sick recipients of Socs1 Ϫ/Ϫ marrow, an observation consistent with the thymic atrophy evident in these mice (see below). Moreover, as has been observed previously in mice lacking SOCS1 (2, 11), there was a significant increase in these mice in the proportion of T lymphocytes expressing high levels of the activation marker CD44 in cells from the thymus, spleen, and lymph node. Table 2 . It needs to be emphasized that these control data are from matching randomly chosen mice of the same age, and they were apparently healthy mice so the data cannot be compared in their entirety with the data from mice injected with Socs1 Ϫ/Ϫ marrow cells.
The 129͞Sv recipients of Socs1 Ϫ/Ϫ marrow cells showed atrophy of the thymus and most showed liver damage, including cuffing of the bile ducts with fibroblasts, lymphocytes, and macrophages, focal areas of necrosis, and characteristic multiple, quite large, chronic granulomas composed of lymphocytes, plasma cells, eosinophils, and giant multinucleate macrophages (Fig. 2 a and b) . Two thirds of the lungs exhibited either thickening of alveolar walls by lymphocytes, plasma cells, and eosinophils, or patchy areas of pneumonia involving the same cell types (Fig. 2c) . Two thirds of the mice showed granulomas in the gut involving lymphocytes, macrophages, and eosinophils and, in approximately two thirds of the kidneys, focal infiltrates of the same cells were present (Fig. 2d) . All lymph nodes showed excess numbers of plasma cells in their hilar regions and the enlarged spleens contained excess hematopoietic populations in the red pulp involving erythroid, eosinophil, and plasma cells. Infiltrates of lymphocytes, plasma cells and macrophages were also observed in the bladder, pancreas, salivary gland, and heart of one third of the mice, and all bone marrows showed a dominant population of granulocytes, with eosinophils being prominent. In one third of the mice, the skin showed epithelial thickening, often with keratin deposition and mononuclear infiltration of the dermis. Not observed in any of these mice was fatty degeneration of the liver or inflammatory infiltrates in skeletal muscle or the cornea: disease states characteristic of neonatal Socs1 Ϫ/Ϫ mice or young adult Socs1
The liver, lung, gut, and skin lesions of recipients of Socs1 Ϫ/Ϫ cells resembled lesions that have been described in mice with graft-versus-host disease after allogeneic marrow cell transplantation (12, 13) . Early studies (14) demonstrated that granuloma formation of the type encountered in the present mice does not occur in mice with graft-versus-host disease if the mice are germ free, and therefore this particular lesion is in part dependent on microbial infection.
Somewhat surprisingly, some of the apparently healthy, randomly killed, 129͞Sv mice injected with Socs1 Table 2 , however, shows certain differences. In control mice, the thymus was not atrophic, indicating no major ill health in the mice. Further, although some cuffing of liver vessels and focal granulomas were present in control mice, the lesions tended to be less frequent and less extensive. A similar reduction in disease severity was observed in the lungs of control mice. Control mice also rarely exhibited excess plasma cells in the lymph nodes or excess hematopoiesis in the spleen and had fewer foci of lymphocytes and plasma cells in the bladder, kidney, pancreas, gut, and heart, and no lesions in the skin.
The pathological data therefore indicated that 129͞Sv mice injected with Socs1 Ϫ/Ϫ marrow cells died with typical graftversus-host disease. The odd feature of the results was that, although the control mice were clinically healthy, they did exhibit a surprisingly high frequency of lesions that were qualitatively similar in the liver and lung to those in mice injected with Socs1 Ϫ/Ϫ cells, although lesions in other organs were much less evident.
Pathology of C57BL͞6 Recipients of Socs1 ؊/؊ Cells. Socs1
Ϫ/Ϫ mice were generated on a C57BL͞6 genetic background by backcrossing for 10 generations. The pathology of C57BL͞6 Socs1 Ϫ/Ϫ mice was similar to that described for 129͞Sv Socs1 Ϫ/Ϫ mice (2), again with all mice dying before weaning (data not shown).
In three separate experiments, irradiated adult C57BL͞6 mice were injected with Socs1 Ϫ/Ϫ or Socs1 C57BL͞6 recipients of Socs1 Ϫ/Ϫ marrow cells died at an accelerated rate compared with control mice, although more slowly than corresponding 129͞Sv strain mice. The pathology of a representative sample of marrow recipients, killed when sick, is shown in Table 2 . The overall disease pattern in recipient C57BL͞6 strain mice was similar to that in recipient 129͞Sv strain mice, but of a less severe nature. The majority of C57BL͞6 mice injected with Socs1 Ϫ/Ϫ cells showed cuffing of portal tracts and foci of infiltrating cells in the liver, including lymphoid cells and macrophages and, less commonly, eosinophils or plasma cells. Where inflammatory foci had developed within liver, these did not contain giant multinucleate cells.
Pneumonia was less frequent in C57BL͞6 mice than in 129͞Sv strain mice, but had the same general histological appearance, except for an absence of multinucleate cells. Most commonly, the lesions seen in the C57BL͞6 lungs were cuffing of the bronchi and thickening of the alveolar walls by infiltrating lymphocytes and macrophages together with focal aggregates of lymphoid cells. 
Data represent mean numbers of colonies Ϯ SD developing in 7-day cultures of 50,000 spleen cells. Final concentrations of GM-CSF or IL-3 in the cultures were 10 ng͞ml. Blast, blast colonies; G, granulocyte; GM, granulocyte͞macrophage; M, macrophage; Eo, eosinophil; Meg, megakaryocyte colonies.
The thymus in C57BL͞6 recipients of Socs1
Ϫ/Ϫ cells was again uniformly atrophic but lymphocyte-containing follicles were present in the spleen, although the follicles were usually small in size and with no germinal centers. The spleens again commonly exhibited excessive numbers of nucleated erythroid cells.
The kidneys of C57BL͞6 recipients were relatively normal except for small foci of lymphoid and sometimes plasma cells, and similar infiltrates were common in the pancreas and salivary glands. Granulomatous tissue containing lymphocytes, macrophages, and plasma cells was present in the gut of half of the recipients of Socs1 Ϫ/Ϫ cells, although skin infiltrates or epithelial lesions were uncommon. In most mice, the heart appeared normal, and in most mice the marrow again was dominated by granulocytic populations, often with prominent eosinophils.
In no C57BL͞6 recipients of Socs1 Ϫ/Ϫ cells were inflammatory lesions observed in skeletal muscle or the cornea.
In summary, the C57BL͞6 recipients of Socs1 Ϫ/Ϫ marrow cells died prematurely with liver and lung infiltrates, granulomas in the gut and thymus atrophy, with other lesions being less frequent. This disease pattern is typical enough of graft-versushost disease where the pathological changes are proceeding relatively slowly as was the case with the C57BL͞6 recipients. Table 2 . In common with most C57BL͞6 mice of this age, foci of lymphocytes were present in 50% of the livers and, as shown in the table, were even more common in the lungs and salivary glands. Although an analysis of mice killed arbitrarily does not present a picture of what disease states the mice would eventually have developed, the data do make clear that the mice had not developed inflammatory disease in the liver, lung, skin, and gut as had the recipients of Socs1 Ϫ/Ϫ cells. These control C57BL͞6 recipients of Socs1 ϩ/ϩ or Socs1 ϩ/Ϫ cells provided a more clear cut distinction from the disease developing in recipients of Socs1 Ϫ/Ϫ cells than was the case for the 129͞Sv mice.
Discussion
Hematopoietic and lymphoid cells are prominent in the diseased tissues of dying neonatal mice that lack SOCS1 (2), and in the inflammatory muscle and corneal lesions of Socs1 Ϫ/Ϫ mice whose death is delayed by heterozygosity of IFN-␥, the administration of antibodies to IFN-␥ or exclusion of IL-12 (4, 6, 15) . These cells may merely represent inflammatory cells attracted to damaged Socs1 Ϫ/Ϫ tissue, but it is much more likely that their presence is the initiating cause of the fatal tissue damage in these mice.
To test this latter proposition, Socs1 Ϫ/Ϫ marrow cells were grafted into lethally irradiated syngeneic Socs1 ϩ/ϩ recipients. If adequate engraftment of Socs1 Ϫ/Ϫ marrow cells occurred, tissue damage and͞or death might occur if the cells are autoaggressive. If no damage develops, either the hematopoietic cells are not intrinsically autoaggressive or tissue damage also needs the presence of abnormalities in target tissues as a consequence of loss of SOCS1. Highly relevant in this context is the observation that tissues such as the liver in Socs1 Ϫ/Ϫ mice overexpress MHC class I antigens (5) and simple overexpression of MHC class I by itself has been shown to incite autoaggression by normal T lymphocytes, resulting in severe polymyositis (16) .
In an early study (3), Socs1
Ϫ/Ϫ marrow cells were transplanted into irradiated recipients and resulted in premature death, which was reported to have recapitulated the original Socs1
The present experiments using Socs1 Ϫ/Ϫ marrow cells from two strains: 129͞Sv and C57BL͞6, have confirmed that this procedure does indeed result in premature death of irradiated syngeneic recipients. However, the disease developed by the recipients is a protracted graft-versus-host disease causing death relatively slowly. The recipients develop characteristic inflammatory lesions of graft-versus-host disease in the liver, lungs, gut, and less commonly, in the skin and other organs (12, 13) . Missing particularly from the C57BL͞6 recipient mice were the characteristic features of neonatal Socs1 Ϫ/Ϫ disease; the fatty infiltration of hepatocytes and the uniform epithelial hyperplasia and infiltration of the skin (2). More striking was the complete absence in both recipient strains of the characteristic lesions of the delayed onset of Socs1 Ϫ/Ϫ disease; the profound polymyositis, myocarditis, and corneal inflammatory lesions (6) .
Marrow transplantation clearly documented the abnormal autoaggressive behavior of Socs1 Ϫ/Ϫ hematopoietic cells, but not their capacity to induce Socs1 Ϫ/Ϫ disease alone. In view of the graft-versus-host disease developing in the recipient mice, it is of interest that these lesions were more severe and more rapid in onset in 129͞Sv strain mice than in C57BL͞6 mice. Strain 129͞Sv mice have been the subject of a number of studies suggesting possibly a susceptibility to hypermutation, possible contamination of the inbred 129͞Sv strain, or genetic differences between 129͞Sv substrains and those used to produce embryonic stem cells (17) (18) (19) . Any one of these factors, if true, might result in antigenic differences between Socs1 Ϫ/Ϫ 129͞Sv cells and recipient 129͞Sv mice that might provoke more severe graft-versushost disease. Alternatively, 129͞Sv strain mice might simply be more susceptible to tissue damage than C57BL͞6 mice.
To document autoaggression by Socs1 respond to stimulation by IL-2 (2, 3, 20) . Conversely, IFN-␥ levels are elevated in Socs1 Ϫ/Ϫ mice (3) and the macrophages in Socs1 Ϫ/Ϫ mice are hyperresponsive to activation by IFN-␥ (5) and might themselves produce agents like tumor necrosis factor that could damage tissues. Whereas intrinsic abnormalities in Socs1 Ϫ/Ϫ T lymphocytes would be the most conventional manner for explaining the present induction of graft-versus-host disease in recipients of Socs1 Ϫ/Ϫ cells, the situation might not allow such a simple explanation. Mice in which deletion of the Socs1 gene has been restricted to T lymphocytes do develop an abnormal pattern of maturation of T lymphocytes, but they do not develop tissue damage (21) . It would seem that aberrant T lymphocytes and͞or NKT cells may be insufficient alone to cause tissue damage. Their action must be supplemented by equally aberrant Socs1 Ϫ/Ϫ macrophages or other marrow-derived cells to produce graft-versus-host disease, and to produce the special lesions of Socs1 Ϫ/Ϫ mice, the target tissues themselves must be in a suitably abnormal state as a consequence of loss of SOCS1 to invite attack or be susceptible to attack. Socs1 Ϫ/Ϫ marrow cells exhibit autoaggression in inducing graft-versus-host disease and Socs1 Ϫ/Ϫ mice exhibit increased susceptibility to experimentally induced arthritis (22) . These observations raise the possibility that various related inflammatory or autoimmune diseases in humans might on occasion be based on deletion or inactivation of Socs1, whose protein product normally acts to restrict or terminate activating signals from a wide variety of cytokines.
